Sensitivity and specificity of 4 different antigen preparations from Leptospira interrogans serovar hardjo were compared in an enzyme immunoassay for detection of antibodies against serovar hardjo type hardjobovis in serum. Two antigens prepared using detergents showed serogroup cross-reactivity. A mechanically extracted membrane and a lipopolysaccharide antigen showed a high degree of leptospiral serogroup specificity. The lipopolysaccharide antigen was the most suitable antigen for detection of anti-hardjo antibodies. Enzyme immunoassay was more sensitive than the microscopic agglutination test for detecting antibodies in serum from experimentally and naturally infected cattle. It was not possible to differentiate vaccinated from infected animals or to detect a secondary immune response in vaccinated animals that were subsequently infected.
Leptospira interrogans serovar hardjo genetic type hardjo-bovis has been the only type of serovar hardjo isolated from cattle in the United States. 17, 25 The other genetic type of serovar hardjo is hardjoprajitno, which has been associated with bovine leptospirosis in Europe. 17 Serologic studies suggest that serovar hardjo may-be the most common Leptospira infecting cattle worldwide. 12, 24, 37 Type hardjo-bovis in cattle causes abortions, stillbirths, weak calves, and possibly infertility. 7 Although the clinical signs observed in type hardjo-bovis infection are relatively mild, the economic impact of the disease may be underestimated because of insensitivity of current diagnostic methods. Moreover, the disease can be a human health problem in animal caretakers and dairy workers because of their potential contact with bovine urine.
Despite the availability of improved culture media and the use of selective inhibitors, bacteriologic culture of leptospires remains an impractical approach for routine diagnosis of leptospirosis. The high cost of materials, the time required, and the fastidious nature of some leptospires are disadvantages of this procedure. Although new techniques such as fluorescent antibody tests and nucleic acid probes show promising results, 8 the microscopic agglutination test (MAT) is the most commonly used method of diagnosis. However the MAT is relatively insensitive for detection of cattle infected with type hardjo-bovis because some infected animals have relatively low microscopic agglutination (MA) titers. 7, 9, 37 In addition, the MAT is a laborious, time-consuming procedure that involves maintenance and manipulation of live cultures.
Enzyme immunoassay (EIA) has been used in other laboratories for diagnosis of leptospirosis in humans and other animals. 4, 6, 13, 14, 19, 36, 38, 43, 45 Comparative studies have shown that EIA is more sensitive than the MAT for detection of antibodies against L. interrogans. 3, 4, 19, 37 Both genus-specific and serogroup-specific leptospiral antigens have been used in EIA. Genusspecific antigens were prepared using detergents. 19 Serogroup-specific antigens have been prepared using phenol-water extraction 38 and sucrose gradient purification of the outer envelope. 6 Other antigens have been prepared by sonication 4,43 and heating of whole cells. 36 Because these antigens were extracted from various leptospiral serovars and were tested using different procedures, comparison of the antigen preparations has been difficult.
The purpose of this study was to compare different antigen preparations of serovar hardjo type hardjobovis in an EIA for use in diagnosis of serovar hardjo infections in cattle. The test was used to study the postvaccination and postinfection immune response against type hardjo-bovis antigens. The study was oriented to determine the advantages and limitations of EIA compared to the MAT in diagnosis of serovar hardjo infections. Discrimination between antibodies induced by vaccination and those induced by infection in terms of amount or class of immunoglobulins was also assessed. Leptospiral lipopolysaccharide (LPS) antigen was of special interest because of evidence that this molecule contains serogroup-specific and protective epitopes. 2, 10, 18, 30, 33 
Materials and methods
Antigens. The deoxycholate (DOC)-extracted antigen was prepared using a modification of Schneider's procedure. 32 One liter of a 15-day-old culture of L. interrogans serovar hardjo type hardjo-bovis (strain 93u) in BAP-80 medium 16 was harvested and washed 3 times with phosphate buffered saline, pH 7.2 (PBS). Cells were suspended in 20 ml of PBS and 20 ml of a solution containing 0.1 M NaCl and 0.2 M sodium citrate, and 0.4% sodium DOC was added. The mixture was vortexed and incubated at 23 C for 2 hr and at 4 C for 24 hr. The extract was dialyzed against 50 volumes of distilled water with 4 changes.
The salt-altered cell (SAC) antigen was prepared as described. 5 Hardjo-bovis cells (strain 93u) were washed as described above. The final pellet was suspended in 2 ml of distilled water, and 30 ml of a 1 M solution of NaCl was added. The mixture was allowed to stand for 30 min at room temperature. Presence of spherical forms of leptospires produced by osmotic shock were confirmed by dark field microscopy. The salt-altered cells were centrifuged at 31,000 × g for 20 min at 4 C, and the supernatant discarded. The pellet was suspended in 2 ml of distilled water, and 30 ml of 0.04% solution of sodium dodecyl sulfate (SDS) was added. This procedure lyses and releases the outer membrane. This was confirmed by the presence of thin filaments when the preparation was observed by dark field microscopy. Lysates were centrifuged at 31,000 × g for 20 min, and the supernatant was collected and dialyzed against 2 liters of distilled water to reduce the concentration of SDS.
The mechanically disrupted membrane (MEM) antigen was extracted using washed hardjo-bovis cells harvested from 1 liter of culture. Cells were suspended in 2 ml of PBS, split into aliquots, and placed in 3 1.8-ml Eppendorf tubes containing 400 µ1 of zirconium beads (0.1 mm). Tubes were shaken twice in a mini bead-beater for 2 min and cooled in an ice bath each time. Tubes were centrifuged in a microfuge for 5 min, and the supernatant fractions were centrifuged at 100,000 × g for 90 min to pellet the membrane fractions. 29 The membrane fraction was resuspended in 2 ml of 0.05 M of carbonate-bicarbonate buffer, pH 9.6.
The butanol-water (BUT) antigen was prepared from a l-liter culture of hardjo-bovis using a procedure previously described 26 and modified. 44 Cells were harvested and washed as before. The pellet was suspended in 20 ml of 0.85% saline at 4 C. The mixture was transferred to a glass tube to which 20 ml of water-saturated butanol-1 was added and mixed using a vortex for 15 min. The mixture was centrifuged at 35,000 × g for 20 min, and the aqueous phase was collected. The extraction was repeated twice, adding 10 ml of saline each time. The aqueous phases were combined and mixed with 0.2 M Na 3 PO 4 solution (pH 7.0) containing Pronase to reach a final enzyme concentration of 20 µg/ml of aqueous phase. This preparation was incubated at 37 C overnight. A white flocculent layer was removed from the top of the tube, and the remainder was centrifuged at 10,000 × g for 40 min. The supernatant was collected and dialyzed against 50 volumes of distilled water.
Cattle serum. Eighteen 4-8-mo-old mixed breed steers negative for detectable serum antibodies against serovar hardjo by the MAT were used. Fourteen steers were given either 1 or 2 doses of pentavalent leptospiral vaccine containing either hardjoprajitno or hardjo-bovis. 9 The remaining 4 steers were maintained as nonvaccinated controls. Serum obtained from all steers before vaccination and during postvaccination weeks 9 and 26 was tested for antibodies against serovar hardjo. All steers were challenged with a field isolate of serovar hardjo type hardjo-bovis at 26 wk postvaccination by conjunctival instillation of 10 7 cells of a field isolate of type hardjo-bovis on 3 occasions. Sera collected at 1, 2, and 4 wk postchallenge were analyzed.
Regardless of their vaccination status, all cattle became infected and shed leptospires in their urine. Detailed results of challenge were published previously. 9 An additional 216 bovine sera and MAT results from a diagnostic laboratory survey were kindly provided. a Rabbit hyperimmune serum. Rabbit antiserum against leptospiral serovars pomona, canicola, tarassovi, grippotyphosa, wolffi, copenhageni, bratislava, hardjo type hardjobovis, and istrica was prepared as described previously. 29 Enzyme immunoassay. The EIA protocol was based on the procedure described previously. 38 Plates b were coated for 18 hr at 4 C with 250 µ1 of the optimum concentration of each antigen (established by checkerboard titration) diluted in a solution containing 0.05 M carbonate-bicarbonate buffer, pH 9.6. Contents of the plate were aspirated, and unoccupied sites were blocked for 1 hr with 300 µ1 of a solution of 2% ovine serum albumin dissolved in 0.01 M PBS, pH 7.2 (0.22-µm filter sterilized). The blocking reagent was aspirated, and 200 µ1 of test serum diluted 1:100 in 0.01 M PBS (pH 7.2) was placed in each well. Each serum sample was tested in 2 wells on the same plate. Serum was allowed to react for 2 hr at 37 C. After aspiration of serum, plates were washed 4 times with a solution of 1% Tween 20 in PBS (pH 7.2). The last 3 washes were done at 3-min intervals. Depending on the serum to be analyzed, peroxidase-labeled goat anti-bovine IgG, IgM, or anti-rabbit IgG c were diluted in PBS. Optimal concentrations of peroxidase conjugates were also established by checkerboard titration. A volume of 250 µ1 of diluted conjugate was placed in each well and incubated for 90 min at 37 C. Contents of the plate were aspirated, and the wells washed as before. During all incubation steps, plates were kept in a plastic bag to avoid evaporation. The substrate buffer was 20 ml of 0.96% citric acid buffer (pH 4), mixed with 100 µ1 of a 1.87% peroxide solution (substrate), and 100 µ1 of ABTS d (2,2'-azino-di-3-ethyl-benzythiazoline sulfonic acid) as an indicator. Each well received 250 µ1 of substrate solution, and the plate was incubated for 15 min at 37 C. The optimal enzyme-substrate-indicator reaction time was established by recording optical densities at 10, 12, 15, and 20 min after addition of substrate-indicator solution. The time interval selected was that at which the minimum variation between optical density readings for the same serum sample and low background readings were observed. To stop the reaction, 50 µ1 of a 37 mM solution of sodium cyanide was added to each well. The reactions were monitored with an EIA reader e at a wavelength of 490 nm.
Control wells with everything but serum, 2 known positive sera, and 2 negative sera were included in each plate.
To establish the cut-off point between positive and nega-tive values, the criterion previously described was used. 4 Two known negative sera were analyzed in each plate, and the mean of the optical densities was added to 3 times an established standard deviation. The established standard deviation (0.033) was the average of standard deviations calculated from optical density values of 30 negative sera analyzed on 4 different days. Analysis of antigens. Protein concentration was determined by a dye-binding method. f Carbohydrate concentration was determined as described. l5 To evaluate background produced by naturally occurring antibodies, prevaccination sera from 18 steers were analyzed on 3 consecutive days, and the mean of the values obtained for each antigen was compared with that of the other antigens. To evaluate the relative sensitivity of the antigens, 14 sera from cattle vaccinated and experimentally infected with serovar hardjo were utilized at a 1:400 dilution. Specificity of the antigens for antibodies against serovar hardjo was assessed using rabbit hyperimmune serum against L. interrogans serovars hardjo type hardjo-bovis, pomona, canicola, tarassovi, grippotyphosa, wolffi, copenhageni, bratislava, and istrica.
To confirm the presence of leptospiral LPS in the BUT extract, a discontinuous buffer SDS-polyacrylamide gel (12.5%) was run and stained based on the technique 40 modified by Hitchcock and Brown. 20 Also, the presence of pronase-resistant protein epitopes and the sensitivity of the BUT antigen was assessed before and after digestion with proteinase K g (200 µg/ml in PBS) digestion for 24 hr at 37 C.
Microscopic agglutination test. The MAT was performed as described. 11 A liquid BAP-80 culture of L. interrogans serovar hardjo type hardjoprajitno with a concentration of 27 nephelometer units was used as antigen. Two-fold dilutions of sera were made in PBS with an initial dilution of 1:12.5. The MAT titer of a serum was recorded as the reciprocal of the highest dilution at which ≥ 50% of the leptospires were agglutinated. A titer of > 100 is generally considered positive. 11 Geometric mean titers were calculated using the reciprocal of the lowest dilution at which < 50% of leptospires were agglutinated, i.e., the first dilution at which significant agglutination was absent. A regression analysis 34 between means of EIA optical density values and logarithms of the MA titers was performed.
Results
Antigens. The protein and carbohydrate concentrations of each hardjo antigen were calculated at the respective optimal dilutions for use in EIA ( Table 1 ). The optimal concentrations of the peroxidase-labeled goat anti-bovine IgG and anti-bovine IgM conjugates were determined to be 1:1,000, and that of goat antirabbit IgG was 1:2,000. The optimal enzyme-substrate-indicator reaction time was determined to be 15 minutes. There were no significant differences in sensitivity or background among antigens (data not shown).
Butanol-water antigen and MEM antigen showed a high degree of serogroup specificity (Fig. 1 ). However, there was serologic cross-reactivity with rabbit antibodies against serovar tarassovi. Salt-altered cells and DOC-extracted antigen had broad cross-reactivity with rabbit antibodies against leptospiral serovars of different serogroups.
Electrophoretic analysis of the BUT antigen showed profiles similar to those observed in other hardjo leptospiral LPS preparations (Fig. 2) . 18 In addition, the nonprotein nature of the reactive epitopes in BUT antigen was indicated by persistence of antigenic reactivity after proteinase K digestion.
Analysis of bovine sera. Based on the results ob-
tained during the antigen evaluation, BUT antigen was selected for detection of anti-hardjo antibody in cattle.
A relatively high level of anti-hardjo IgM was observed in some cattle before vaccination. Anti-hardjo IgM concentrations were increased 9 weeks postvaccination in 11 of the 14 cattle and diminished to negative values by 26 weeks postvaccination. Titers of anti-hardjo IgG were also increased 9 weeks postvaccination in all 14 cattle. Anti-hardjo IgG levels remained positive 26 weeks postvaccination.
The MA titers were also increased 9 weeks postvaccination. Seven of 14 sera had titers ≥ 100. The MA titers were ≤ 25 by 26 weeks postvaccination.
Vaccinated and nonvaccinated cattle showed a completely different humoral immune response after challenge with serovar hardjo (Figs. 3, 4) . One week postchallenge there was an overall increase in IgM titers in nonvaccinated cattle, and 1 of 4 sera had a positive reaction. The peak of IgM was observed during the second week. Likewise, 1 week postchallenge, the IgG antibody titers of nonvaccinated animals were also increased, but positive readings were not recorded until the second week postchallenge. The appearance of rising levels of IgG antibodies was accompanied by a simultaneous decrease of anti-hardjo IgM levels (Fig.  3) .
The MA titers of nonvaccinated cattle were increased 1 week postchallenge, but titers > 100 were not observed. The peak of MA titers were observed during the second week postchallenge in this group.
Vaccinated cattle had relatively high anti-hardjo IgG levels and low IgM levels at the time of challenge. These levels remained practically unaltered during the 4 weeks postchallenge (Fig. 4) . Similarly, postchallenge MA titers of vaccinated animals differed from those of nonvaccinated animals. Titers remained low (≤ 25) during the first 4 weeks postchallenge. No secondary IgG or IgM response was found by EIA or MAT after challenge.
Serum from MA-positive cattle obtained from the diagnostic laboratory survey were 99.5% coincident with EIA results in positive samples. However, only 58.3% of the MA-negative results were coincident with EIA-negative results; 41.6% of the samples with titers < 100 in the MAT were EIA positive. Only 1 serum with an MA titer > 100 was negative by EIA. The regression analysis of means of EIA optical density and logarithms of the MA titers showed an R 2 of 0.95.
Discussion
Leptospiral outer membranes are composed of exposed serogroup-specific antigens, which are reactive in the MAT, 23 and nonexposed genus-specific antigens. 31 Serogroup-specific antigens are composed of LPS 2,10,18, 21, 30, 33, 35, 41 and are probably the best antigens for diagnostic purposes because there are less nonspecific reactions. Serogroup cross-reactive antigens are composed of proteins 31 and may be extracted from leptospiral cells with detergents.
Although the BUT antigen and MEM antigen displayed cross-reactivity with antibodies against serovar tarassovi, little cross-reactivity was observed with antibodies against serovars pomona and grippotyphosa, which are commonly isolated from cattle in the United States. 37 Because the BUT antigen seems to lack antigenic proteins, the results presented here provide additional evidence that leptospiral LPS contains the sejroe serogroup-specific epitopes. Additionally, leptospiral LPS is reported to contain epitopes that are protective against acute leptospirosis. 1, 18, 33, 35 Given these characteristics, BUT antigen was selected for further evaluation.
The results of this study demonstrated that the EIA was more sensitive than the MAT for detection of antibodies against serovar hardjo type hardjo-bovis. Comparison of EIA and MAT indicated that EIA was more likely to detect chronically infected cattle, which often have low MA titers. The EIA was also more sensitive than the MAT in detection of antibodies re- sulting from vaccination. No differences in antibody levels or immunoglobulin class between vaccinated and infected cattle were identified (Fig. 4) . Lack of clinical history of the sera obtained from the field made it difficult to assess whether EIA-positive samples resulted from infection. (MAT) using sera collected from cattle 0, 9, and 26 weeks after vaccination (V-O, V-9, and V-26), and 0, 1, 2, and 4 weeks following conjunctival exposure to serovar hardjo type hardjo-bovis (C-O, C-l, C-2, and C-4). Note: Geometric means of MA titers were calculated as described in Materials and methods.
Although reports indicate that EIA results do not correlate with MA titers, 13 some degree of coincidence between peaks on MAT reactions and IgM EIA results was observed in this study. Immunoglobulin M is generally considered to be a better agglutinating antibody than IgG. 22, 27 However, our results and those of others 27 indicate that anti-hardjo IgG may be also involved in agglutination because of the correlation observed between EIA (IgG) results and MAT titers. background problems. However, IgM titers appeared earlier than IgG titers, and this could be valuable in the detection of recent infections.
The apparent rapid decline in IgM titers in nonvaccinated cattle at 4 weeks postinfection may be an artifact of the test resulting from competition between IgG and IgM for antigen binding sites. In addition, rising levels of IgG, may negatively influence IgMproducing B-lymphocytes in cattle. 28 This mechanism could also account for the low concentration of antihardjo IgM in vaccinated animals. The analysis of EIA of sera from experimentally in-
The reasons for a lack of a secondary humoral imfected cattle indicated that IgG was the predominant mune response to serovar hardjo in vaccinated cattle immunoglobulin produced in cattle after 2 weeks of postchallenge are not clear. Presence of relatively high infection with type hardjo-bovis. Results also show levels of IgG have been described to block the epitopes that determination of IgG titers was more efficient and of the immunogen, preventing a secondary immune would have more practical applications than IgM de-response. 42 Immunoglobulin G molecules or immune terminations, which declined rapidly and produced complexes may produce a negative feedback effect on B-lymphocytes by interaction with the receptor for the IgG constant region. 39 Although some workers suggest that an IgG feedback inhibition mechanism in cattle may occur, 28 this phenomenon has not been proven. The EIA can be readily applied for diagnosis of bovine leptospirosis caused by L. interrogans serovar hardjo type hardjo-bovis. Butanol-water extraction of antigens from Leptospira is simple and productive in terms of yield. In addition, the EIA is more easily standardized and less hazardous than the MAT. De-of vaccination with a pentavalent leptospiral vaccine on 
